Broad scaling relationships between leaf size and function do not take into account that leaves of different size may contain different fractions of support in petiole and mid-rib. † Methods The fractions of leaf biomass in petiole, mid-rib and lamina, and the differences in chemistry and structure among mid-ribs, petioles and laminas were investigated in 122 species of contrasting leaf size, life form and climatic distribution to determine the extent to which differences in support modify whole-lamina and whole-leaf structural and chemical characteristics, and the extent to which size-dependent support investments are affected by plant life form and site climate. † Key Results For the entire data set, leaf fresh mass varied over five orders of magnitude. The percentage of dry mass in mid-rib increased strongly with lamina size, reaching more than 40 % in the largest laminas. The wholeleaf percentage of mid-rib and petiole increased with leaf size, and the overall support investment was more than 60 % in the largest leaves. Fractional support investments were generally larger in herbaceous than in woody species and tended to be lower in Mediterranean than in cool temperate and tropical plants. Mid-ribs and petioles had lower N and C percentages, and lower dry to fresh mass ratio, but greater density (mass per unit volume) than laminas. N percentage of lamina without mid-rib was up to 40 % higher in the largest leaves than the total-lamina (lamina and mid-rib) N percentage, and up to 60 % higher than whole-leaf N percentage, while lamina density calculated without mid-rib was up to 80 % less than that with the mid-rib. For all leaf compartments, N percentage was negatively associated with density and dry to fresh mass ratio, while C percentage was positively linked to these characteristics, reflecting the overall inverse scaling between structural and physiological characteristics. However, the correlations between N and C percentages and structural characteristics differed among mid-ribs, petioles and laminas, implying that the mass-weighted average leaf N and C percentage, density, and dry to fresh mass ratio can have different functional values depending on the importance of within-leaf support investments.
INTRODUCTION
There is intense interest in general scaling relationships between foliage structure, chemistry and physiological characteristics (Reich and Oleksyn, 2004; Wright et al., 2004; He et al., 2006) as well as in scaling of plant physiological activity and chemistry with size (Westoby and Wright, 2003; Niklas et al., 2005; Niklas, 2006; Reich et al., 2006) . Leaf size is a basic foliage physiognomic characteristic, and numerous studies have tried to explain the prominent variation in leaf size at the global scale. Characteristic correlations between leaf size and climate have been employed to gain insight into adaptive modifications in leaf size (Grubb, 1977; Tanner, 1980; Givnish, 1984; Medina, 1984; Royer et al., 2005) . In particular, increases in leaf size in warmer and more humid habitats have frequently been demonstrated (Grubb, 1977; Tanner, 1980; Givnish, 1984; Medina, 1984; Royer et al., 2005) . These studies are in agreement with predictions from simulation experiments suggesting that variations in leaf size along the climatic gradients result from greater evaporative demand of larger leaves due to enhanced thickness of the boundary layer for energy and gaseous exchange (for a comprehensive review see Gates, 1980) . In addition to energy balance, optimization of overall biomass investment in support can be a selection pressure causing diversification in leaf size (Givnish, 1986 (Givnish, , 1987 . Larger leaves allow the plants to gain height more rapidly because less woody branches (Givnish, 1978b (Givnish, , 1984 and lower twig biomass are required to support larger than smaller leaves (Westoby and Wright, 2003; Pickup et al., 2005; Sun et al., 2006; Wright et al., 2006) . However, larger leaves need longer petioles to avoid self-shading (Takenaka, 1994; Pearcy et al., 2005) . Support requirements also increase disproportionately with the length of For Permissions, please email: journals.permissions@oxfordjournals.org cantilevered structures (Gere and Timoshenko, 1997) . Due to the economics of light interception and biomechanical requirements, increases in leaf size are often bound to enhanced biomass investment in petiole, and may also bring about larger fractional biomass allocation in mid-rib (Givnish, 1984; Niinemets and Sack, 2006) . Leaf size is generally thought to have no direct effect on foliage physiological activity (Givnish and Vermeij, 1976; Gates, 1980; Ackerly and Reich, 1999; Ackerly et al., 2002) . However, disproportionately greater biomass investments in vasculature and sclerenchyma in larger leaves for efficient exposure of laminas to solar radiation and for effective water transport to mesophyll cells can result in lower biomass fractions in mesophyll and, accordingly, in lower mass-based photosynthesis rates (Poorter and Evans, 1998; Garnier et al., 1999) .
As photosynthetic capacity scales with stomatal conductance (Schulze et al., 1994; Reich et al., 1999) , effective water transport capacity may be especially relevant in leaves with greater photosynthetic potential, suggesting that there are inherent trade-offs between photosynthetic capacity and leaf size.
There are broad interspecific relationships between foliar structural attributes such as leaf dry mass per unit area, nitrogen percentage, dry to fresh mass ratio, leaf density and foliage photosynthetic capacity per unit dry mass (Reich et al., 1997; Niinemets, 1999b; Wright et al., 2004) and relative growth rate (Reich, 1998 ). Yet, any integrated whole-leaf trait is a mass-weighted average of the trait values for support and photosynthetic tissues. There is evidence that dry to fresh mass ratios and N percentages of leaf laminas and leaf support tissues are correlated (Niinemets, 1999a; Niinemets and Kull, 1999) , but it is not clear whether the elemental composition, dry to fresh mass ratio, density and dry mass per unit area scale in the same way for structural and photosynthetic tissues. Support tissues and mesophyll have different air space volumes, and also consist of cells with different lumen diameter and wall thickness, and of cells with different nitrogen cost (Roderick et al., 1999a) , suggesting that scaling relations between chemical and structural characteristics may be different for support tissues and lamina. For leaves with a larger fraction of biomass in support, significant differences in scaling of foliage chemical and structural characteristics can modify the fundamental relationships between foliage integrated structural and chemical characteristics and potential photosynthetic activity. This evidence collectively suggests that scaling relations between foliage integrated structural and physiological traits can importantly differ between small-and large-leaved species.
In a previous study with 44 temperate species, a strong scaling of foliage support costs with leaf size was observed, and it was shown that this scaling significantly affected the distribution of leaf nitrogen among structural and physiological compartments, and thereby whole-leaf N percentage . That study, with a limited number of species, is used here as a springboard to test a general hypothesis that the scaling relationships between structural and chemical characteristics differ among support and functional tissues for an extended set of species with strongly varying architecture and chemical composition from cool temperate, Mediterranean and tropical ecosystems. The density, dry to fresh mass ratio and chemical composition were further determined separately for petiole, mid-rib and the rest of the lamina, and the overall role of variations in the fraction of support investments on major whole-leaf integrated characteristics was assessed. Because herbs are photosynthetically more active, in particular, on a unit mass basis (Hikosaka et al., 1998; Ellsworth et al., 2004) , and accordingly require greater vascular capacities for water conduction, it was further hypothesized that leaves of equivalent size have larger fractional biomass investments in mid-rib and petiole in herbs than in woody species.
As leaf water availability can be only moderately enhanced by increased biomass investment in veins when soil is very dry, plants have developed highly effective physiological mechanisms for maintenance of leaf water status in highly seasonal water-stress-prone environments Medrano et al., 2002) . In water-limited environments, cell walls of lamina are thicker and often strongly lignified (Niinemets, 2001; Niinemets and Sack, 2006) , implying that self-support of lamina can significantly rely on lamina cells ('non-specific' support) in addition to vasculature. Given this, it was further suggested that plants from Mediterranean and warm temperate climates that keep leaves throughout severe seasonal water stress periods have lower fractional biomass investments in mid-rib and petiole than plants from cool temperate and tropical wet climates where such seasonal water stress events are absent or less severe.
MATERIALS AND METHODS

Study sites and sample species
For the study, leaves of 122 vascular plant species were collected from two sites with temperate moderately continental climate in Estonia and from four sites with Mediterranean climate in Spain during the growing seasons of 2000-2003 (see Appendix for list of species and sample sites). The primary goal in species selection was to achieve a wide range of leaves with contrasting size and shape (Appendix). In Estonia, 35 species were sampled from large gaps in a broadleaved deciduous forest in Ü lenurme (58818 0 N, 26842 0 E, elevation 60 m) (for details of sampling site see , and 30 species were sampled from field (19) and greenhouse (11, Appendix) Forty-four species sampled were non-native in their sampling locations (Appendix). Of these, ten were of South American, 16 of Asian, three of South African, three of European, two of North American, one interspecific hybrid of Asian and North American origin (Platanus hybrida Brot.), one of New Zealand origin and one species of Australian origin (Appendix). The species were divided between three climate classes depending on origin: cool temperate, Mediterranean/warm-temperate and sub-tropical/tropical (Appendix). Although this led to pooling of sites in some cases, environmental differences between the three climatic groups were much larger than the differences in climate between the sites within a specific climatic group.
Of all species, 50 were woody and 72 herbaceous, 39 had evergreen foliage, while 83 were deciduous or annuals. Twelve species had compound leaves. In the analysis here, we consider a leaflet of a compound leaf as a functional analogue of a leaf in simple-leaved species. This is because the leaflet is a biomechanical analogue of a simple leaf, while an entire compound leaf is a biomechanical analogue of a branch in simple-leaved species. It has previously been demonstrated that within-leaf support requirements are larger for intact compound leaves than for simple leaves of given fresh mass and area . This difference is mainly because rachises of compound leaves are generally sparsely foliated compared with non-dissected laminas of simple leaves, resulting in effectively longer lever arms and greater biomass costs for mechanical stability (Niinemets, 1998; .
Foliage sampling and structural analyses
Fully mature leaves were taken from the upper canopy of a given plant for detailed structural and chemical analyses. The leaves sampled were exposed to more than 25 % of the incident irradiance. On average, 3 . 07 + 0 . 26 (1 -5) representative leaves were sampled per species (altogether 375 leaves). The collected leaves were immediately enclosed in plastic bags with wet filter paper and transported to the laboratory for further analyses.
In the laboratory, lamina and petiole were separated and their lengths were determined. Images of leaves after pressing the leaf flat were taken with a Nikon Coolpix 990 camera equipped with Tele Converter TC-E2 2Â (Nikon Corporation, Tokyo, Japan). Objects of known area were photographed together with the leaves to determine an appropriate pixel to centimetre conversion ratio for every picture. Petiole diameters were measured in two perpendicular directions at the base and at the apex with digital precision callipers (Mitutoyo CD-15DC, Mitutoyo Ltd, Hampshire, UK). Lamina thickness in several locations between the major veins was also measured with the callipers.
For 44 species sampled in Estonia from Ü lenurme forest and the Botanical Garden of the University of Tartu (Appendix), lamina and mid-rib (central major leaf vein running from leaf base to leaf tip) were immediately separated by a razor blade. Due to strong tapering of mid-rib from base to apex (see Fig. 2 for a sample relationship), separation of lamina and mid-rib became increasingly inexact towards the apex. To avoid inclusion of pieces of lamina in mid-rib fraction, the mid-rib was separated from the lamina base towards the apex to a point where the apical diameter was .0 . 1-0 . 2 mm (for a discussion see Givnish, 1986) . This threshold diameter resulted in sampling of .90 % of total mid-rib length.
For the remaining species, lamina was cut into 1 -5-cm (depending on the overall length of the lamina) segments from the base towards the apex to determine the distribution of lamina mass and characterize leaf shape quantitatively. Mid-rib was separated from every lamina strip, and mid-rib diameter was measured in two perpendicular directions for every separate piece. Again, a threshold diameter to separate mid-rib from lamina in specific lamina segments was 0 . 1-0 . 2 mm.
Fresh mass of petiole, pieces of lamina and mid-rib, or entire lamina and mid-rib was determined immediately after finishing these measurements, and dry mass after oven-drying for at least 48 h at 75 8C. Dry to fresh mass ratios (D) of specific leaf fractions were determined. ddsdx.uthscsa.edu) was used to measure projected leaf area (A LT ). Petiole length and apical and basal diameters were used to calculate petiole projected area (A P ), and petiole dry mass per unit area (s P ) was calculated. Petiole volume (V P ) was further computed from the petiole diameters and petiole length approximating petiole to a frustum of a cone with elliptical cross-section. Petiole density (r P ) was calculated as the ratio of petiole dry mass to V P .
As with the petiole, mid-rib projected area (A R ) and density were determined. Leaf area without mid-rib was determined from A LT 2 A R . For 78 species, in which mid-rib had been dissected into 1 -5-cm strips, mid-rib area and volume were found separately for every piece, allowing us to enhance the precision of mid-rib volume and area determinations. Because mid-rib parts with a diameter less than 0 . 1-0 . 2 mm could not be reliably separated from the rest of the lamina, polynomial regressions were developed (r 2 . 0 . 95, in most cases nearly 0 . 99) between mid-rib diameter and the distance from leaf base using the existing mid-rib parts (see Fig. 1 ). These polynomial regressions were employed to predict the diameter of the mid-rib for the pieces, in which mid-rib was not separated from the lamina. Again, the mid-rib diameters in two perpendicular directions were used to calculate the volume and projected area of mid-rib in specific lamina pieces. The dry mass of missing mid-rip pieces was found by using an average mid-rib density and the piece volume, and fresh mass by using an average mid-rib dry to fresh mass ratio. These data of missing mid-rib parts were further employed to calculate corrected whole lamina and mid-rib dry and fresh masses. However, due to strong tapering of mid-ribs towards the apex, this correction increased mid-rib dry mass on average only by 1 . 31 + 0 . 20 % (0-15 %). Given this relatively minor correction, no attempt was made to correct the mid-rib dry masses for the 44 species, in which leaves were not dissected and mid-rib tapering could not be determined. Because .90 % overall mid-rib length was sampled in these species, it is suggested that the underestimation of 'true' mid-rib dry mass was small. All statistical correlations and comparisons between the groups were qualitatively identical for entire data set and for a truncated data set including only corrected mid-rib and lamina dry masses.
Dry masses of mid-rib (M R ), lamina without mid-rib (M L ) and petiole (M P ) were used to calculate the fraction of mid-rib in lamina [F
] in whole leaf. Total leaf fractional investment in support within the leaf was computed as F R WL þ F P . Lamina dry mass per unit area without mid-rib (s L ) was calculated as M L /(A LT 2 A R ) and with mid-rib (s LT ) as (M L þ M R )/A LT . s L and s LT were divided by lamina thickness to obtain an estimate of lamina density without mid-rib (r L ) and with mid-rib (r LT ). Absolute difference between lamina density without ('true' density of lamina tissues) and with mid-rib was found as r L 2 r LT and relative difference in density as (r L 2 r LT )/r L .
Chemical analyses
Nitrogen and carbon percentages of lamina without mid-rib (N L and C L ), petiole (N P and C P ) and mid-rib (N R and C R ) were estimated gas chromatographically after combustion of the sample at .1000 8C in oxygen with a Perkin Elmer series II CHNS/O Analyser 2400 (Perkin Elmer Life and Analytical Sciences, Inc., Boston, MA, USA). C/N analyses were performed separately for mid-rib, petiole and rest of the lamina for every leaf, except for the smallest leaves, in which petioles and mid-ribs of different specimens of the same species were pooled for the analysis. Overall, more than 1200 C/N analyses were conducted.
Because proteins are rich in carbon (53 . 5 %, Vertregt and Penning de Vries, 1987) , differences in C percentage between different leaf fractions may partly result from differences in protein content. To account for changes in C percentage because of proteins, we calculate the proteinfree leaf C percentage (C S ) for every leaf fraction as:
where C is the carbon and N the N percentage for either the mid-rib, rest of the lamina or petiole, and the coefficient 6 . 25 converts N content to protein content (Vertregt and Penning de Vries, 1987; Niinemets and Tamm, 2005) . This equation assumes that all leaf N is in organic form, but a significant part of total leaf N may be present as nitrate, in particular, in fertilized plants (Poorter et al., 1990) . Although the C percentage of structural polysaccharides that form the major part of leaf carbon is around 40 %, overall leaf C percentage may be less due to certain mineral content in the leaves. In the present study, the lowest leaf C percentages were around 25 % (see Fig. 4B ). To avoid possible bias in C S values due to potentially high nitrate contents, species with a C S value in any of leaf fractions below 25 % were not used in calculation of average C S values.
The mass-weighted lamina N percentage (N LT ) was further found as:
and the mass-weighted whole-leaf N percentage (N WL ) as:
Analogously, mass-weighted whole-lamina (C LT ) and whole-leaf (C WL ) C percentages were calculated. The fraction of whole-leaf N in mid-rib (F N R ) was calculated as:
where M WL is the sum of M R , M L and M P . Mid-rib between 0 and 50 cm could be reliably separated from the rest of the lamina, while separation of mid-rib between 50 and 55 . 2 cm was unreliable due to strong tapering of the mid-rib. Third-order polynomial regressions were fitted to the data to predict the diameters of the remaining part of the mid-rib, and calculate the total volume of the mid-rib. Fresh and dry mass of the entire mid-rib were further calculated using the average density and dry to fresh mass ratio for the entire mid-rib. For this sample leaf, the missing part of the mid-rib was predicted to comprise 0 . 3 % of the total mid-rib dry mass.
whole-leaf N in lamina, and petiole and in overall support as well as the corresponding fractions of leaf carbon were computed in an analogous manner. The absolute difference in N percentage between lamina without mid-rib and total lamina was found as N L 2 N LT and the relative difference, R N LT , as:
The absolute difference in N percentage between lamina without mid-rib and total leaf was found as N L 2 N WL and the relative difference, R N LW , as:
Analogously, absolute and relative differences were found for C percentage.
Leaf size estimates
Leaf size can be quantified as leaf area, volume, dry and fresh mass. All these size estimates describe different aspects of leaf functioning. Leaf area characterizes leaf energy balance, and leaf area and fresh mass characterize leaf biomechanical efficiency and mechanical load, while dry mass estimates leaf construction cost, and volume provides an estimate of leaf space requirements, in particular for leaves with thick foliage elements with complex threedimensional cross-section geometry. In our study, all four estimates of leaf size were available. All the size estimates were highly correlated with explained variances (r 2 ) of log -log allometric relationships always larger than 0 . 93 (P , 0 . 001; Fig. 2 for correlations between leaf volume, dry and fresh mass and leaf area).
The scaling exponent b of allometric relationships in the form of y ¼ ax b provides information on the size-dependent modification of foliage characteristics. When b is 1 . 0, the scaling is isometric, i.e. both regression variables change in direct proportion to each other. We fitted the log -logtransformed data by standardized major axis regression using SMATR 2 . 0 (Standardised Major Axis Tests & Routines by D. Falster, D. Warton and I. Wright; http:// www.bio.mq.edu.au/ecology/SMATR) (for details see Warton et al., 2006) . In the present data set, the correlations between volume and fresh mass ( Fig. 2C ) and area and dry mass (b ¼ 0 . 93 with 95 % confidence intervals of 0 . 88 and 0 . 99) were close to isometric. In contrast, the scaling exponent was less than one for leaf area vs. volume ( Fig. 2A) , leaf dry mass vs. volume (Fig. 2B ), leaf dry mass vs. fresh mass (b ¼ 0 . 91 with 95 % confidence intervals of 0 . 87 and 0 . 95), and area vs. fresh mass (b ¼ 0 . 84 with 95 % intervals of 0 . 80 and 0 . 89), implying allometric scaling. In fact, the ratios of leaf dry mass per unit volume (density) decreased with increasing volume (inset in Fig. 2B ), and analogous negative correlations were observed between leaf fresh mass and leaf dry to fresh mass ratio (r 2 ¼ 0 . 18, P , 0 . 001) and leaf fresh mass per unit area scaled positively with fresh leaf mass (r 2 ¼ 0 . 32, P , 0 . 001). However, even though the scaling exponent was less than one for the area vs. volume relationship ( Fig. 2A) , the ratio of leaf volume to area (leaf thickness) was poorly associated with leaf volume (r 2 ¼ 0 . 02). Although the scaling relationships between different foliage size estimates were in several cases allometric, all relationships with leaf support investments and structural and chemical characteristics were qualitatively identical when any of the four different size estimates was used as explanatory variable. As we were primarily interested in size-dependent modifications in support costs, and because static load on support elements scales with fresh mass, the fractional support investments are demonstrated in relation to lamina and whole leaf fresh mass. In addition, while the correlations were analogous with log-transformed lamina and whole-leaf dry mass and with log-transformed projected area, the fraction of explained variance was always lower if dry mass (e.g. for Fig. 3 , average r 2 ¼ 0 . 31 for all four relationships) or area (average r 2 ¼ 0 . 29 for the same relationships in Fig. 3 ) were used as explanatory variables (average r 2 ¼ 0 . 37 for the relationships with fresh mass in Fig. 3 ).
Data analysis
The experimental unit in the present study is species, and mean values with standard errors of the mean (s.e.) of all characteristics were calculated for every species. Linear and non-linear regression analyses were employed to examine the statistical relationships between foliage structural and chemical characteristics, and leaf size and investment in support. Paired sample t-tests were employed to compare the percentages of N and C, and integrated structural characteristics such as dry mass per unit area and density among mid-rib, petiole and lamina. ANCOVA analyses that assume linear relationships were employed to compare the statistical relationships among different leaf compartments and fractional biomass investments between herbaceous and woody plants and among different climatic groups. A separate-slope ANCOVA model that includes an interaction term was used first to compare the slopes. Whenever the interaction term was found not to differ among the groups, the model was refitted using a common slope model to compare the intercepts. Lamina and whole-leaf size estimates were log-transformed before all statistical analyses. In ANCOVA analyses, dry to fresh mass ratio was log-transformed to linearize the relationships in cases where regression analyses suggested a non-linear dependence. ANOVA analysis was used to compare the average values of leaf structural and chemical characteristics between different life forms and climatic groups. All statistical tests were considered significant at P , 0 . 05.
RESULTS
Size-dependent support investments within lamina and within the whole leaf
Fresh mass of leaves (or leaflets in compound-leaved species) spanned more than four orders of magnitude Table 1 for definition of all symbols] scaled positively with whole-lamina fresh mass (M F LT ). Up to 45 % of total lamina biomass was invested in mid-rib in the largest leaves ( Fig. 3A ; see Table 2 for the range and average). The whole-leaf fractions of mid-rib [F Fig. 3C ] and total within-leaf support investment (F R WL þ F P ; Fig. 3D ) also correlated positively FIG. 3 . The fraction of dry mass in support within leaf lamina (A) in relation to total lamina (lamina and mid-rib) fresh mass, and the contributions of mid-rib (B) and petiole (C) to total support fraction (D) within the leaf in relation to total leaf fresh mass in 122 species of contrasting leaf size and structure (see Appendix for species list). Error bars indicate + s.e. Data were fitted by linear regressions (see Table 3A for regression equations). Arrows denote two species with strongly dissected leaves [Leontodon taraxacoides (Vill.) Merat. and Taraxacum officinale G. H. Weber ex Wiggers] that, at given leaf size, had larger fractional biomass investments in mid-rib and overall biomass investment in support than the rest of the data. Regression equations were very similar without these outlying observations, but r 2 values were remarkably greater (r 2 ¼ 0 . 43 for A, r 2 ¼ 0 . 22 for B, r 2 ¼ 0 . 43 for C, and r 2 ¼ 0 . 64 for D). All regressions are significant at P , 0 . 001. 
Carbon percentage (content per dry mass)
Dry to fresh mass ratio
Petiole dry mass fraction in whole leaf
Mid-rib dry mass fraction (either in lamina, F R TL , or in whole leaf,
Nitrogen percentage (dry mass basis) R Dry mass per unit area *The main symbols may be followed by a leaf-fraction-specific subscript as follows: WL, whole leaf (mid-rib, lamina, petiole); TL, whole lamina (mid-rib with lamina); L, lamina without mid-rib; P, petiole; R, mid-rib.
with whole-leaf fresh mass (M F WL ). However, the relationship of total within-leaf support investment with M 3D ). In these correlations, Leontodon taraxacoides and Taraxacum officinale with strongly dissected leaves had larger support investments at a given leaf size than the rest of the data (Fig. 3) . Nevertheless, all relationships were qualitatively identical with and without these outlying observations (Fig. 3) .
Life-form and climatic differences in fractional support investments
For various estimates of fractional support costs, ANCOVA analyses demonstrated that the slopes of the regressions in the form y ¼ a þ bLn(fresh mass) were not different between herbaceous and woody species (Table 3A) . However, for F R TL vs. M F TL and F R WL þ F P vs. M F WL relationships, the intercept was larger for herbaceous than for woody species (Table 3A) . Overall, the relationships were more scattered in woody species.
In all cases, the slopes of fractional biomass investment vs. fresh mass tended to be lower for Mediterranean/warm temperate than for cool temperate and tropical plants. However , P , 0 . 03 for difference between the means). Lamina density was negatively related to F R TL (for all data pooled, r 2 ¼ 0 . 14, P , 0 . 01 for non-linear regression in the form y ¼ ax b ) and to F R WL þ F P (r 2 ¼ 0 . 25, P , 0 . 001), indicating that plants with structurally more robust lamina had lower biomass investments in support.
Differences in chemistry and structure among mid-ribs, laminas and petioles According to paired t-tests, average values of all chemical and structural characteristics differed at P , 0 . 001 among mid-ribs, laminas and petioles, except for the average fraction of total leaf C in mid-rib and petiole (P . 0 . 6) and for the average dry to fresh mass ratio of mid-rib and petiole that differed at P ¼ 0 . 004 (Table 2 ). Average N percentage was always larger for lamina, followed by mid-rib and petiole (Table 2) . Lamina also had larger average bulk carbon content than either mid-rib or petiole ( Table 2 ). The difference in average structural C percentage (eqn 1) between leaf compartments was smaller than the difference in bulk leaf C percentage ( Table 2 ), suggesting that higher lamina bulk C percentage partly resulted from high content of carbon-rich proteins (53 . 5 % carbon in proteins vs. average carbon content of different leaf compartments of 40 -44 %, Table 2 , eqn 1). The distribution of leaf carbon among leaf compartments (eqn 4) largely reflected the 339 + 24 (82 . 7 -887) 53 . 9 + 3 . 2 (12 . 9 -170) 62 . 2 + 3 . 4 (13 . 7-197) 525 + 35 (45-1700) * Structural C percentage ('protein-fee' C) was calculated by eqn (1), and eqn (3) provides a sample relationship to calculate the fractions of N and C in different leaf compartments. † All characteristics are significantly different among different leaf compartments at P , 0 . 001 according to paired sample t-tests, except for the fractions of total leaf carbon in mid-rib and petiole (P . 0 . 6) and dry to fresh mass ratios of petiole and mid-rib that differ at P ¼ 0 . 004.
‡ Mid-rib þ lamina characteristics are mass-weighted averages of mid-rib and lamina without mid-rib (see eqn 2 for sample calculations). § Average C, N and structural C percentages and dry to fresh mass ratio, density and dry mass per unit area are only calculated for leaves with petioles (33 species did not have petioles; see Appendix). distribution of dry mass, but due to larger differences in N percentage, the average fraction of total N in lamina was significantly larger than the fraction of total biomass in lamina (Table 2) . Chemical characteristics were strongly and positively correlated for leaf compartments, e.g. for N percentages, r 2 ¼ 0 . 74 for lamina vs. mid-rib, r 2 ¼ 0 . 73 for lamina vs. petiole, and r 2 ¼ 0 . 85 for mid-rib vs. petiole (P , 0 . 001 for all). Analogous correlations were observed for C percentages (r 2 . 0 . 47, P , 0 . 001 for all).
Dry to fresh mass ratio (D) was highest for laminas followed by mid-ribs and petioles. Mid-ribs and petioles had significantly larger dry mass per unit area and density than laminas (Table 2 ). For the 122 species studied, these three structural characteristics varied for every leaf compartment by more than an order of magnitude. The greatest variation, 36 -37-fold, was found for petiole dry mass per unit area and density. This large range of variation was due to low density and dry mass per unit area in species with hollow petioles such as Arctium tomentosum, Ligularia wilsoniana, Cirsium oleraceum, Cucurbita pepo, Heracleum sosnowskyi and Tussilago farfara. Variation in petiole dry to fresh mass ratio was only 13-fold, supporting this suggestion.
Structural characteristics for different leaf compartments were generally strongly correlated among leaf fractions, e.g. FIG. 4. Density (A) , and carbon (B) and nitrogen (C) percentages of lamina without mid-rib (dashed line), mid-rib (dotted line) and petiole (solid line) in relation to dry to fresh mass ratio of these leaf fractions. Data presentation and species as in Fig. 3 . Linear (A) or non-linear regressions in the form y ¼ ax b were fitted to the data. All regressions are significant at P , 0 . 001. 
, total whole leaf biomass in support. † Regression coefficients with the same upper-case letter are not significantly different from each other according to ANCOVA analyses (separate slope analysis with an interaction term followed by a common slope analysis that lacks the interaction term). When the slopes were statistically different (significant interaction term), ANCOVA analysis was completed as the common slope test to separate the regression elevations is not meaningful in such a case (Sokal and Rohlf, 1995 Fig. 4A ) and C percentage (Fig. 4B ) of different leaf compartments were positively correlated with D, while the correlation between N percentage and D was negative (Fig. 4C) . ANCOVA analyses that assume linear correlations were employed to test for the differences in these relations among different leaf compartments. The slope of density versus D was lower for laminas than for petioles and mid-ribs (P , 0 . 001), but at a given D, mid-ribs had higher density than petioles (P , 0 . 01, Fig. 4A ). The slopes of carbon and N percentage vs. log(D) (D was log-transformed to linearize the relationships) were not different among different leaf compartments (P . 0 . 07 for carbon and P . 0 . 7 for N percentage). At a given log(D), carbon (Fig. 4B ) and nitrogen (Fig. 4C ) percentages were higher for laminas (P , 0 . 001), while the elemental percentages did not differ among petioles and mid-ribs (P . 0 . 07).
Influence of support investments on integrated leaf chemical and structural characteristics
The fraction of whole-lamina N (Fig. 5A, eqn 4 ) and whole-leaf N (Fig. 5B) in support scaled positively with the fraction of dry mass in support. Although the slope of these relationships was significantly less than 1 . 0 (0 . 59 for (Table 2) , up to 40 % of lamina N was in mid-rib, and up to 50 % of whole-leaf N was invested in support (Fig. 5A, B) .
Absolute differences in lamina without mid-rib (N L ) and whole-lamina (N LT ) N percentage (N L 2 N LT ), and lamina without mid-rib and whole-leaf (N WL ) N percentage (N L 2 N WL ) scaled positively with the fractional investment in support (r 2 ¼ 0 . 66 for N L 2 N LT vs. the fraction of lamina in mid-rib and r 2 ¼ 0 . 73 for N L 2 N WL versus the fraction of support within the entire leaf, P , 0 . 001 for both). Analogously, the relative differences, R LT (eqn 5, Fig. 5C ) and R LW (eqn 6, Fig. 5D ), scaled positively with the fractional investment in support. Both relative (Fig. 6A ) and absolute (r 2 ¼ 0 . 37) differences in N percentage between lamina without mid-rib and entire lamina scaled positively with lamina fresh mass. The relative (Fig. 6B ) and absolute (r 2 ¼ 0 . 50) difference between lamina and whole-leaf N percentage increased with increasing whole-leaf fresh mass. Overall, lamina N percentage was up to 0 . 4-fold lower (on average + s.e., 0 . 078 + 0 . 007) due to mid-rib, and whole-leaf N percentage was up to 0 . 6-fold less (on average 0 . 142 + 0 . 012) due to support structures (Fig. 6A, B) . In absolute terms, support structures decreased whole-lamina N percentage up to 1 . 1 % (on average + s.e. ¼ 0 . 194 + 0 . 018 %) and whole-leaf N percentage up to 1 . 8 % (0 . 330 + 0 . 032 %). Fig. 3 . All regressions are significant at P , 0 . 001. The arrow on panel C denotes an outlying observation for Leontodon taraxacoides that had a large fraction of biomass in support, but a relatively small difference in N percentage between mid-rib (2 . 72 + 0 . 03 %) and the rest of the lamina (3 . 11 + 0 . 13 %). The explained variance was improved by removing this outlying observation (r 2 ¼ 0 . 77), but the slope and intercept of the regression equation were marginally modified (data not shown).
Due to lower C percentage of support structures (Table 2) , entire lamina and whole-leaf C percentages were also lower than the C percentage of lamina without mid-rib (e.g. Fig. 7A ), but the relative difference was at most approx. 0 . 05 (average + s.e. ¼ 0 . 0092 + 0 . 0009) for entire lamina (Fig. 7A ) and 0 . 13 (0 . 0180 + 0 . 0021) for the whole leaf. The absolute difference was at most 2 . 1 % for entire lamina and 6 . 7 % for whole leaf.
Because of the higher density of support tissues, lamina density was up to 0 . 8-fold larger when calculated with mid-rib than without mid-rib (average + s.e. relative difference was 20 . 151 + 0 . 015; Fig. 7B ).
DISCUSSION
Leaf-size-dependent variation in support costs
For 122 vascular plant species investigated, four different leaf size estimates varied by 4-5 orders of magnitude (Fig. 1) . This extensive variation in leaf size was accompanied by strong variation in the fractional leaf biomass investment in mid-rib, petiole and total support (Fig. 3) . According to basic mechanical theory, bending moment of a cantilevered beam increases with the cube of its length as the mass becomes located further from the axis of bending (Gere and Timoshenko, 1997) . Thus, larger leaves are expected to require disproportionately greater fractions of biomass in support to counterbalance the bending moments exerted by leaf elements. Within-leaf support costs have been examined only for a few species, but the available evidence generally agrees with larger fractional investment of biomass in support in larger leaves (Givnish, 1984; Niinemets et al., 2004; Niinemets and Sack, 2006) . In the data reported by Givnish (1984) and , the fraction of total lamina biomass in mid-rib was 10-25 % in the largest leaves. The present study demonstrates that mid-rib can comprise nearly half of total lamina biomass in the largest leaves as well as in strongly dissected leaves (Fig. 3A) and further underlines that support biomass forms a major leaf fraction.
At a given lamina size, strongly dissected leaves were apparently outliers (Fig. 3A) . However, larger support investment in such leaves is in agreement with the lower contribution of lamina tissues to the overall leaf rigidity in dissected laminas (Givnish, 1978a) . Apart from strongly dissected leaves, there was still a considerable scatter in basic scaling of lamina size and fraction in support. Given that FIG. 6 . The relative differences in N percentage between lamina without mid-rib and lamina with mid-rib in relation to whole-lamina (lamina and mid-rib) fresh mass (A), and the corresponding differences in N percentage between lamina without mid-rib and whole-leaf (B) in relation to whole-leaf fresh mass. Data presentation and fitting for 122 species as in Fig. 3 . Relative differences are defined in Fig. 4 . All regressions are significant at P , 0 . 001. The arrows denote outlying observations for Leontodon taraxacoides (Fig. 3) . The explained variances without this outlying observation were r 2 ¼ 0 . 37 for A and r 2 ¼ 0 . 52 for B.
FIG. 7. The relative differences in C percentage (A) and density (B)
between lamina without mid-rib and lamina with mid-rib in relation to whole-lamina fresh mass. The relative difference in C percentage between lamina without mid-rib (C L ) and entire lamina (C LT ) is given as (C L -C LT )/C L , and the relative difference between the density of lamina calculated without mid-rib (r L ) and with mid-rib (r LT ) as (r L -r LT )/r L . Data presentation and fitting as in Fig. 3 . All regressions are significant at P , 0 . 001. The arrows denote outlying observations for Leontodon taraxacoides and Taraxacum officinale that at a given leaf size had larger fractions of biomass in support than the rest of the data (Fig. 3) . Fitting the data without these outlying observations improved the explained variance somewhat (r 2 ¼ 0 . 34 for A and r 2 ¼ 0 . 39 for B), but only slightly altered the regression slope and intercept (data not shown).
leaf light interception efficiency increases with increasing investment in support (Brites and Valladares, 2005) , we suggest that variation in support investments of leaves of any given size can be associated with modified light interception efficiency (self-shading, lamina angle, etc.).
According to previous studies, the fraction of total leaf biomass in petiole also generally scales positively with leaf size Niinemets and Sack, 2006) , but not always (Niinemets and Sack, 2006) . In fact, whole-leaf fractions of total biomass in mid-rib (Fig. 3B ) and in petiole (Fig. 3C ) considered separately were less strongly associated with leaf size than the sum of the two (Fig. 3D) . This indicates that plants cannot maximize the investment in both petiole and mid-rib simultaneously. While larger leaves appear to require less stemwood xylem for support than smaller leaves (Pickup et al., 2005) , nearly 70 % of total biomass was invested in support within large leaves (Fig. 3D) . Thus, lower stemwood costs of large leaves may be offset by enhanced within-leaf support costs. These data collectively suggest that requirements for mechanical support may limit the maximum leaf size.
Apart from biomechanics, lower boundary-layer conductance for heat transfer in larger leaves (Gates, 1980 ) also implies potentially higher leaf temperatures and greater evaporative demands at equivalent incident radiation flux. Thus, enhanced investment in veins may be required to achieve a high latent heat loss via enhanced transpiration. There is conclusive evidence that leaf hydraulic conductance scales with leaf evaporative demand (Brodribb et al., 2002; Sack et al., 2003; Sack and Tyree, 2005) , and some data indicate that leaf size can be partly determined by leaf hydrology (Zwieniecki et al., 2004a, b) . However, the latter observations have not been confirmed for interspecific data sets (Sack et al., 2003) , suggesting that the linkage between leaf hydrology and size is indirect.
Life-form and climate effects on support costs
Herbaceous species have lower dry mass per unit area and leaf life span, and higher mass-based photosynthetic capacities than woody species (Ellsworth et al., 2004; Wright et al., 2004; Shipley et al., 2005) . As there is also a strong general relationship between photosynthetic capacity and stomatal conductance to water vapour (for a review see Schulze et al., 1994) , it is suggested that at equivalent leaf size, greater fractional investment in support is needed in herbaceous species to supply physiologically more active leaves with water. This hypothesis was supported both for within-lamina fractional biomass investments and for total fraction of support biomass within the entire leaf (significant intercept differences between herbs and woody plants in Table 3A ). Of course, longer living leaves of woody species that had greater lamina density in the present study may contain a larger fraction of biomass in cell walls (non-specific support), implying that the overall investment in support may be similar in herbs and woody species. However, an important difference between support biomass investment in veins and cell walls is that enhanced cell-wall thickening can result in stronger internal CO 2 diffusion limitations and reduction of foliage photosynthetic rates of all cells in the lamina (Terashima et al., 2005) , while modification in support biomass distribution between lamina and veins should not necessarily affect photosynthetic capacity of interveinal areas.
Leaf structural characteristics are significantly affected by site climate; in particular, leaf laminas are tougher with thicker and more lignified cell walls in drier environments (Niinemets, 2001; Wright et al., 2005) . We further hypothesized that Mediterranean species that support leaves throughout extensive water stress periods have lower fractional biomass investment in vasculature because these species are characterized by low photosynthetic capacities and also because physiological adjustments constitute a more effective way to cope with water stress than additional vein formation. In the present study, Mediterranean/warm temperate species had higher lamina density than species from wet tropical environments, but similar density as cool/temperate species. There was evidence that total fractional support costs changed less plastically with leaf size in Mediterranean species, resulting in a lower fraction of support biomass in larger leaves. Overall, the support mass fractions were negatively associated with lamina density, indicating that there is a general negative relationship between lamina toughness ('non-specific' support) and biomass investment in specialized support structures. As there are very few species with long-living large leaves, enhanced investment simultaneously in vasculature and cell walls may not constitute a viable strategy.
Reduction of leaf size in stressful environments has been explained on the basis of leaf boundary-layer conductance for heat and gaseous transport (see Introduction). However, leaf size may also decline due to overall carbon limitation in stressful environments, making construction of large leaves with extensive vascular and cell-wall fractions overtly expensive. Further studies including a more complete coverage of species from different climates and functional types are needed to test the hypothesis that certain leaf size and longevity combinations depend on overall availability of support biomass and the distribution of the support biomass between vasculature and cell walls.
Differences in chemistry and structural characteristics between lamina, mid-rib and petiole Within every leaf compartment, N percentage, dry to fresh mass ratio, density and dry mass per unit area varied almost an order of magnitude, while C percentages varied approx. two-fold (Table 2 ). This extensive variation occurred in a correlative manner such that greater N percentage was associated with lower density and lower dry to fresh mass ratio, while C percentage was positively linked to density and dry to fresh mass ratio (Fig. 4) . N percentage of a specific foliage compartment is a proxy of its protein percentage, and accordingly, overall physiological activity, while density, dry to fresh mass ratio and C percentage provide an estimate of the fractional investment in cell walls (Garnier and Laurent, 1994; Garnier et al., 1999; Roderick et al., 1999b) . Thus, the relationships depicted in Fig. 4 reflect general reverse correlations between functional activity of plant organs and the fraction of cell walls in the foliage (Garnier and Laurent, 1994; Garnier et al., 1999; Roderick et al., 1999b) . Correlations of C percentage with density and dry to fresh mass ratio further imply that in denser foliage, cell walls contain more carbon-rich chemicals such as lignin [63 . 3 % carbon according to the structure of lignin proposed by Nimz (1974) vs. 44 . 4 % carbon in cellulose] Poorter et al., 2006) .
Higher N percentage and lower density of lamina relative to mid-ribs and petioles is in accordance with greater physiological activity of leaf lamina. Photosynthetic activity of support structures is roughly one order of magnitude less than that of leaf laminas (Niinemets, 1999a; Schmidt et al., 2000; Hibberd and Quick, 2001; Wittmann et al., 2001 ). However, lamina had a greater C percentage and higher dry to fresh mass ratio than the support structures ( Table 2 ). Lower C percentages of support elements than those of lamina have also been observed in previous studies (Niinemets, 1998 (Niinemets, , 1999a Niinemets and Kull, 1999) . However, differences in C percentage not only reflect differences in structural compounds but also differences in carbon-rich physiologically active compounds such as proteins (53 . 5 % carbon). Differences in structural C percentage (eqn 1) between lamina and support structures were much smaller than differences in total leaf C percentage (Table 2 ). In addition, minerals such as calcium and magnesium are tightly associated with structural polysaccharide matrix, and the overall percentage of bound minerals increases with increasing structural C percentage (Demarty et al., 1984; Niinemets and Tamm, 2005) . Higher mineral percentage can explain slightly lower 'structural' C percentage in petioles and mid-ribs than in the lamina without mid-rib [see Poorter (1994) for a discussion of the role of minerals on leaf carbon content]. Despite lower total C percentage, structural carbohydrate percentage can still be greater in support structures than in laminas because of differences in protein percentage and minerals (Niinemets, 1999a) .
Dry to fresh mass ratio of lamina was also higher than that of mid-ribs and petioles (Table 2) , consistent with previous observations (Niinemets, 1999a; Niinemets and Kull, 1999) . Lower dry to fresh mass ratio of support structures may be indicative of large water-filled vessels in mid-ribs and petioles (Fisher and Larson, 1983; Niklas, 1991) . Although the presence of extensive water-filled vascular elements leads to low dry to fresh mass ratios, the average tissue density may still be high due to thick cell walls, low intercellular air space and extensive cell-wall lignification.
Differences in chemical composition among foliage compartments (see above) and different plant compartments (Chapin, 1989; Poorter and Villar, 1997) have been frequently observed. An important outcome of the present study is that due to differences in chemical composition and architecture among foliage compartments, correlations between chemical and structural characteristics vary among lamina, mid-rib and petiole (Fig. 4) . Thus, diversity in function also leads to different scaling of chemical and structural characteristics among laminas and support elements. Previously, tissue-specific scaling relations have been demonstrated for biomechanical characteristics (Niklas, 1993) .
Leaves of different size have contrasting integrated characteristics
Broad general scaling relations between foliage structural, chemical and physiological traits have been reported across the globe (Wright et al., 2004) , and global variation in foliage nutrient percentages has been analysed (Reich and Oleksyn, 2004; Han et al., 2005; Reich, 2005) . In particular, foliage photosynthetic capacity per mass (A mass ) increases with increasing foliage N percentage and decreases with increasing leaf dry mass per unit area and increasing leaf longevity, reflecting the overall compromise between structural and functional tissues within the leaf (Wright et al., 2004) . In addition, foliage N percentage tends to increase with decreasing average annual temperature (Han et al., 2005; Reich, 2005) . Gradients in leaf size from tropical rain forest to deserts and temperate forests have been described in numerous studies (Grubb, 1977; Tanner, 1980; Medina, 1984) , but the potential significance of variations in leaf size on A mass has not been considered in current photosynthesis scaling relations, except with regard to the direct effects of leaf size on foliar energy balance. The present analysis demonstrates that size-dependent variations in support investments significantly affect integrated foliage characteristics such as total N percentage, dry to fresh mass ratio and density (Figs 5 -7) . As support structures are less N-rich than the lamina, the fraction of N in support structures is lower than the fraction of biomass in support. However, within the lamina, up to 40 % of N may be in mid-rib (commonly 10-20 %, Fig. 5A ) and within the leaf up to 50 % of N may be in petiole and mid-rib (commonly 15-30 %, Fig. 5B ). As a result, the difference in N percentage between lamina with and without mid-rib and lamina and whole leaf directly scale with fractional biomass investments in support (Fig. 5C, D) . As the fraction of biomass in support scales with leaf size (Fig. 3) , the difference in N percentage also scales with leaf size (Fig. 6A, B) . In the largest leaves, lamina N percentage without mid-rib may even differ more than 40 % relative to total lamina N percentage, and more than 60 % relative to whole leaf N percentage (Figs 5 and 6 ).
This evidence suggests that size-dependent scaling of fractional biomass investments in support may provide an important explanation for variation of foliage photosynthetic capacities of coexisting species that possess similar dry mass per unit area and leaf longevity, but different fractions of support due to differences in size. For instance, leaf photosynthetic capacity can vary more than an order of magnitude at given leaf dry mass per unit area and longevity in global-scale relationships (Wright et al., 2004; He et al., 2006) . Whether this variability is associated with leaf size awaits further testing.
There are further strong allometric relationships between total plant leaf mass and total leaf nitrogen in leaves (Niklas et al., 2005; Niklas, 2006) . Based on data from 131 vascular plant species, Niklas et al. (2005) suggested that scaling of nitrogen with leaf mass is isometric (i.e. the scaling exponent is close to 1 . 0), suggesting that N percentage does not scale with leaf mass. However, this conclusion was based on a species set in which the variability in leaf size was moderate. The current findings indicate that scaling exponents different from 1 . 0 are necessary when plant canopies composed of leaves with widely varying size are compared. As leaf size tends to increase from colder to warmer environments in humid sites (Grubb, 1977; Tanner, 1980; Medina, 1984) , average temperaturedriven decline in N percentage observed at a global scale (Han et al., 2005; Reich, 2005) may arise from larger fractions of support biomass in warmer humid sites.
A major influence of leaf size on whole-lamina and wholeleaf integrated characteristics has important methodological implications. As a rule, leaf density is determined as a ratio of whole-lamina dry mass per unit area and leaf thickness, the latter commonly being measured in interveinal leaf locations. However, veins have different structure than the rest of the lamina, and accounting for mid-rib area and dry mass can alter the estimations of density by as much as 80 % (Fig. 7B) . Using certain foliage structural characteristics as surrogates of others, e.g. foliage fresh mass to area ratio as an estimate of foliage thickness , assumes that the leaves are homogeneous. However, scaling relations between dry to fresh mass ratio and density differ between lamina and mid-rib, implying that the whole-lamina integrated traits cannot simply be converted to each other. For example, a given value of leaf density may correspond to different values of whole-lamina dry to fresh mass ratio depending on the fraction of support tissues.
From a photosynthetic perspective, only interveinal areas are generally enclosed in typical clip-on gas-exchange cuvettes during photosynthesis measurements, especially when measurements are conducted in large leaves. At the same time, foliage chemical characteristics as well as integrated structural variables such as dry to fresh mass ratio are estimated for the entire lamina or entire leaf. In addition, destructive harvests of foliar biomass or litter-trap sampling to determine foliage photosynthesis potentials from N percentage and/or structural variables and make inferences for entire canopy or ecosystem carbon gain potentials generally do not separate petiole and lamina biomass, and mid-ribs from the rest of the lamina. As the current analysis suggests, this can lead to a significant bias in large-scale comparisons, especially when sites supporting species with large leaves exhibiting emergent protruding veins are compared with small-leaved vegetation.
CONCLUSIONS
Economics of support gives an additional dimension to interpretations of global variation patterns in leaf size. The present analysis suggests that differences in leaf size can significantly alter whole-lamina and whole-leaf integrated chemical and structural characteristics, and thereby modify general scaling relationships between plant structure, chemistry and function. The results further indicate that size-dependent scaling of leaf support investments significantly depends on plant life form and climate. Important size-dependent variation in support investments need to be considered in interpreting general scaling relationships between leaf physiology, structure and chemistry.
A P P E N D I X
Information for species and leaf characteristics for 122 species collected from different European sites 
